Questions: How do tree age, microhabitat characteristics and epiphytic competitors affect the occurrence of crustose lichens associated with old oaks? How do microhabitat characteristics and microclimate affect the cover of competitors (bryophytes and macrolichens)? How do microhabitat characteristics correlate with microclimatic variables? Location: Southeast Sweden. Methods: Eight crustose lichen species were surveyed on 165 Quercus robur trees, 17-478 years old, at three study sites. The occurrence patterns of these species were examined at two spatial scales: among trees and within trees. Occurrence patterns within trees were examined in 10 cm × 10 cm plots at all four cardinal aspects at different heights from 0.5 to 4.5 m above the ground. Results: At the tree level, age-related factors were the most important predictors of species occurrence. All species were more frequent on trees > 100 years than on younger trees. At the plot level, the frequency of occurrence increased with increasing bark crevice depth. The frequencies of all study species decreased with increasing cover of bryophytes. Bryophytes were in turn more frequent in plots that were exposed to rainwater and showed a low evaporation rate. Patches most exposed to rainwater were directed upwards, and the lowest evaporation rates occurred on the northern side of the trunks. Conclusions: For many crustose lichens the association with old oak trees seems at least partly to depend on their preference for the deep bark crevices that only occur on old trees. Trees represent epiphyte habitat patches that differ in size due to within-tree variability in habitat quality, such as bark crevice depth and microclimate. This study shows that variability at a finer scale, within habitat patches, contribute to explain species occurrence patterns at habitat patch level.
Introduction
The original approach to metapopulation modelling assumed the occurrence of networks of similar discrete patches, and ignored the quality of individual patches (Levins 1969) . Consequently, habitat quality has been described as the missing third parameter in metapopulation dynamics (Thomas et al. 2001) . With increasing awareness of its importance, habitat quality has been incorporated into more recent metapopulation models (e.g. Hanski & Ovaskainen 2000; Akçakaya et al. 2004) . However, it is often difficult to examine species' habitat requirements and measure the quality of habitat patches. One example is given by epiphytes, for which individual trees can be regarded as habitat patches potentially supporting local populations (Snäll et al. 2005) . For epiphytic cryptogams, tree size is often used as a predictor of community structure and species occurrence (Uliczka & Angelstam 1999; Johansson & Ehrlén 2003; Kantvilas & Jarman 2004; Löbel et al. 2006) . However, it is difficult to interpret habitat requirements from simple observations of relationships with tree size or tree age. This is because at least three different interrelated factors are involved (cf. Snäll et al. 2003; Kantvilas & Jarman 2004; Johansson et al. 2007 ). First, as trees grow, availability of different microhabitats changes. Second, as trees age the time available for colonisation increases. Third, as tree size increases the probability of colonisation increases because the surface area available for colonisation increases. These factors are difficult to disentangle; for instance, an observed positive relationship between occurrence and bark crevice depth does not necessarily reflect habitat quality, but may, at least in part, be an effect of tree size (Löbel et al. 2006) or the tree's age as a suitable habitat.
Besides tree age, factors such as light and water supply can explain epiphyte variation among, as well as within, trees. These factors are in turn affected by the surrounding vegetation, bark condition, aspect, wind exposure, height above ground, and trunk inclination (e.g. Billings & Drew 1938; Hale 1955; Barkman 1958; Bates 1992; Moe & Botnen 2000; Loppi & Frati 2006) . Light and water supply also affect interactions among epiphytes; on the upper sides of leaning tree trunks, fast growing mosses can become abundant while on the dry lower sides only a few crustose lichens are able to grow (Billings & Drew 1938; Barkman 1958; Kenkel & Bradfield 1986; Bates 1992; Kuusinen 1994) .
In Europe, a large proportion of the oldest trees are Quercus robur, partly because this species is naturally very long-lived and partly because it has tended to be retained during management. Therefore, this is a keystone species for biodiversity associated with ancient trees, including lichens (Rose 1976) . In Sweden, ca. 300 lichen species are known to inhabit oak trees. Many lichens found on old oaks are crustose species that today are rare and red-listed. They are assumed to depend on the oak trees' great age and deeply fissured rough bark (Hultengren et al. 1997; Thor & Arvidsson 1999) ; however, no quantitative studies of epiphytes on oaks are available to support these assumptions.
In this study, presence/absence of eight crustose lichen species on 165 oaks was assessed and their relationship with tree age and other characteristics of the trees were studied. To examine the effects of microhabitat quality, we also studied vertical and horizontal occurrence of lichens on the 30 trees supporting the greatest number of target species. Because bryophytes and macrolichens may be important competitors with crustose lichens, we examined the effect of their cover on the target lichen species. We also examined how the microhabitat variables affected the cover of bryophytes and macrolichens. For a subset of ten trees, we estimated variability in water availability and evaporation rate within trees. The aim was to examine how microhabitat quality and microclimate affect the epiphytes and if direct measures of the microclimate were related with characteristics that often are used as indirect measures of microclimate.
Methods

Study sites and trees
The survey was conducted at three sites (Brokind, Sundsbro and Bjärka-Säby) in southeast Sweden (around 58º15' N, 15º45' E), situated 6-15 km from each other. The Brokind and Sundsbro sites each consisted of a single oak pasture, while the Bjärka-Säby site consisted of three subsites, situated 1-3.5 km from each other. The sites were selected because of their high density of old oaks, and therefore they were expected to host comparatively large source populations of our study species (Ranius et al. 2001) . The sites were grazed by cattle and most trees were free-standing or in semi-open situations; no trees were heavily affected by forest regrowth.
Lichens were surveyed on 165 oaks, which were selected in a study of tree hollows (T. Ranius, M. Niklasson & N. Berg, subm.) . Similar numbers of trees from each of the following categories were selected: (1) young trees without hollows; (2) older trees without hollows; and hollow trees with (3) small entrance holes, (4) intermediate entrance holes and (5) large entrance holes. This implies that all age classes were represented among the studied trees, but not necessarily in the same proportion as in the entire oak populations. All trees, except two trees that recently had died, were alive at the time of the study.
Study species and lichen survey at tree level
For this study we selected eight crustose lichen species, of which all except Chrysothrix candelaris were of high conservation interest because they were in use as indicator species or were included in the Swedish Red List (Nitare 2005; Gärdenfors 2005 ; Table 1 ). At the study sites, oaks were by far the most important substrate for all target species, since pedunculate oak was the dominant species among old trees.
For each tree, tree characteristics were estimated (Table 2) , and the cover of each study species on the trunk up to a height of 2 m was classified as follows: absent (0), cover < 1 dm 2 (1), 1-5 dm 2 (2), and > 5 dm 2 (3). To estimate tree age, from each tree two to four increment cores were taken at a height of 0.5-1.3 m. The cores were cross-dated using the classical memory dating method based on conspicuous pointer years (e.g. Stokes & Smiley 1968) . For 95 of the trees, the best increment core reached a point less than 25 mm from the pith. Their age was estimated by counting the annual rings, and when the pith was missed we estimated the distance to pith by fitting a transparent plastic with imprinted concentric circles on the sample. The number of rings missed was estimated by assuming the growth rate being equal with the three innermost rings on the core. For the remaining 70 trees, the age, a, was estimated using the following equation:
where c is the number of annual rings in the longest increment core, r is the radius of the hollow (i.e. distance from the innermost tree ring present to the geometric midpoint), g is the growth rate of the innermost ten years of the increment core, and k is a parameter that depends on how quickly the annual growth rate decreases with tree age. A function that predicts k was obtained by using -Influence of tree age and microhabitat quality on the occurrence of crustose lichens -655 tree ring data from the 95 trees with intact trunks. From these trees, we simulated hollow trees by assuming the inner part of the trunk to be absent. The absent inner parts corresponded to multiples of ten annual rings. We weighted the data set of simulated trees to obtain the same distribution of trunk diameters and core lengths as among the 70 trees we wanted to age. For each simulated tree, we calculated the true value of k from the intact annual rings. The value of k (or the logarithm of k) was used as dependent variable in a multiple linear regression model. As independent variables we used characteristics that were available for all trees (trunk diameter, radius of the hollow, growth rate of the inner ten years, and bark crevice depth). By including both the independent variables and their logarithms, and successively remove non-significant (p < 0.05) variables, we obtained the Table 2 . Characteristics measured (a) at individual tree level and (b) at 10 cm × 10 cm sample plots evenly distributed on oak (Quercus robur) trunks. All variables that represented proportions were arcsine-square root transformed. following function:
where g is the growth rate (in mm/year) of the inner ten rings of the increment core. For the simulated hollow trees, there was a strong correlation between the real age and the age estimated by the function (R 2 = 0.839). When Eqs. (1) and (2) were used to estimate tree age, the piths were assumed to be at the geometric centres of the trunks.
Lichen survey and microclimate at sample plot level
Based on results from the survey at the level of individual trees, we selected at each of the three sites the ten trees on which the most study species were noted. The age of the 30 study trees was between 183 and 447 years (mean: 334 years), and the diameter between 68 and 175 cm (mean: 118 cm). For these trees, we defined 10 cm × 10 cm sample plots at all cardinal points (N, W, E, and S) and at five different heights (0.5, 1.5, 2.5, 3.5, and 4.5 m), i.e. in total 20 plots per tree. For each plot we recorded the presence/absence of the study species and measured habitat characteristics (Table 2) . At one site, Sundsbro, we used the ten trees to examine how microclimate affected the epiphytes, and to analyse the extent to which easily measured habitat characteristics actually reflected microclimate. In the 10 cm × 10 cm sample plots at these ten trees we measured two microclimate variables: evaporation rate in sunny weather and exposure to rainwater.
The evaporation rate was measured by placing a watersaturated cellulose sheet (a 40 mm × 40 mm × 2 mm Wettex sheet) in each sample plot for three hours. Under the cellulose sheet, we placed a plastic sheet to avoid loss of water from the sheet to the trunk. The weight of the cellulose sheet was recorded before and after the treatment. Measurements were carried out in sunny conditions with no wind (09.10.2006, at 11.50 -17.30 , shade temperature 14 ºC). The evaporation, e, was estimated from the reduction in the weight of the cellulose sheet as follows:
where t is the decrease in weight during the treatment, s is the weight at the start of the treatment and d the dry weight.
The degree of exposure to rainwater was measured by setting the same cellulose sheets (dry) in the sample plots during rainfall. The increase in weight after two hours was divided by the weight of the dry sheets. The experiment was conducted at noon when there was no wind. For four trees data were collected on 20 October and for six trees on 23 October. The difference in weather between these occasions did not matter, as we did not make any between-tree comparisons; in statistical tests we used the microclimate variables to rank the plots on individual trees.
Statistical analyses
At the tree level, statistical analyses were conducted for the six lichen species found on at least five oaks, and at the plot level for the four species found in at least five plots. Both at the tree level and the sample plot level, the occurrence (presence or absence) of the study species was analysed in relation to the measured tree characteristics using multiple logistic regressions. Statistical models were obtained by successively eliminating nonsignificant (p > 0.05, log likelihood ratio significance) variables from a model that originally contained all predictor variables. However, three variables were included in all final models regardless if they were statistically significant or not: site (at the tree level), tree identity and connectivity (at the sample plot level). Site was included to remove the variation among sites, and tree identity to remove the variation among trees, since the aim was to test the significance of variables at the tree level, and sample plot level, respectively. Connectivity was included to account for spatial autocorrelations of species occurrence on individual trunks. Correlations among predictor variables were assessed with Spearman's -Influence of tree age and microhabitat quality on the occurrence of crustose lichens -657 correlations (Sokal & Rohlf 1995) .
Multiple linear regression models were obtained with habitat and microclimate variables as predictor variables, and species richness of the study species, macrolichen cover, and bryophyte cover as dependent variables. This was done by successively eliminating non-significant (p > 0.05) predictors from a full model (i.e. a model that originally contained all predictors). Finally, to elucidate the extent to which habitat variables reflect microclimate, we analyzed the relationships (one pair of variables at a time) between the microclimate variables and microhabitat variables using Spearman's correlations. SPSS 13.0 was used for all statistical analyses.
Results
Lichen occurrence at tree level
All eight study species were more frequent on trees >100 years old than on younger trees (Fig. 1) . Three of the five variables that were statistically significant predictors of presence/absence at the tree level (diameter, age, and bark crevice depth; Table 3 ) were strongly positively correlated with each other (Table 4) . For five species out of six there were significant, positive relationships with at least one of the age-related variables. Only for one species, Chrysothrix candelaris, occurrence was significantly related with other variables: positively with shading and negatively with stem inclination (Table 3) .
Lichen occurrence at sample plot level
At the 10 cm × 10 cm-sample plot level, the most important variable for predicting species presence/absence was the cover of bryophytes (Table 5) . Increasing bryophyte cover decreased the probability of occurrence of all target species (Fig. 2) , while macrolichen cover had a much weaker influence.
The second most important variable was bark crevice depth, which had a positive effect on three species out of four (Table 5 , Fig. 3 ). Furthermore, aspect had some effect; two species (Chrysothrix candelaris and Calicium adspersum) were significantly less frequent on the southfacing sides of the tree trunks (Table 5) .
Inclination had a negative effect on Chaenotheca phaeocephala occurrence (Table 5) . This means that sample plots with a positive inclination (the 'upper sides' of tree trunks) were less likely to host Chaenotheca phaeocephala than sample plots with negative inclination. For all species, the frequency of occurrence tended to peak at 1.5 m, and was lower at both 0.5 m and at higher levels (Fig. 4) . Bark crevices became deeper at lower levels of the trunk (Table 6) , For bryophytes and macrolichens, the relationship with bark crevice depth was negative, while it was positive for target species richness (Table 7) . Bryophyte cover was significantly correlated with several variables associated with moist conditions. In contrast, cover of macrolichens was negatively correlated with the cover of shrubs, and the number of study species was negatively correlated with exposure to rainwater.
The exposure to rainwater was correlated with bark crevice depth (-0.238, p = 0.001) and inclination (0.318, p < 0.001). The evaporation rate was higher at south-facing plots (0.212, p = 0.003, all tested using nonparametric Spearman's correlation).
Discussion
As expected, the frequency of occurrence of crustose lichens increased with tree age (Fig. 1 ). Based on treelevel data alone, it is however difficult to see if the higher frequencies on older trees are the result of a preference for trees with characteristics typical of old trees, or other factors. However, plot-level data strongly suggest that deep bark crevices are important, since the study species occurred more frequently on parts of the trunks with the Table 7 . Multiple linear regression models between habitat and microclimate variables and the cover of bryophytes, macrolichens (arcsine-square root transformed), and species richness (number of study species). Models were constructed by backward elimination, removing variables with p > 0.05. n = 200 (10 oaks, 20 plots on each trunk). deepest bark crevices (Table 5 , Fig. 3 ). Even when plots with a high cover of bryophytes were excluded from the analysis, a positive relationship between lichens and bark crevice depth remained (Fig. 3) . One reason for this relationship could be that the microclimate is more suitable for lichens in the deepest part of the crevices. Another possible explanation is that the physical or chemical properties of coarse bark differ from those of smooth bark. This explanation is supported by studies of younger trees that have shown that chemical and physical properties of bark may change with bark thickness (Bates & Brown 1981) or tree age (Gauslaa 1985) , and that the chemical properties may affect the epiphyte species composition (Bates 1992) . More studies on old oaks are required to elucidate the mechanisms underlying the differences in habitat quality between bark of different crevice depths. South-facing sides of oak trunks are often described as hosting the largest number of lichen species (Lindblom & Måreby 1989; Hultengren et al. 1997) . In this study, no species were associated with south-facing sides of the tree trunks. Instead, two species, Calicium adspersum and Chrysothrix candelaris, were negatively correlated with south-facing sides (Table 5 ). In congruence with our results, Rydberg (1997) concluded that calicioid species in general were less common on south-facing sides of oak trunks, while on north-facing sides they were limited by overtopping by bryophytes and macrolichens.
At the sample plot level, bryophyte cover was the strongest variable affecting the occurrence of study species (Table 5) . The bryophyte cover, in turn, seemed to be controlled by microclimate, especially water availability, as indicated by its correlations with aspect, inclination, evaporation and exposure to rain water (Table 7) . These results are consistent with those of prior studies of epiphytes, which have also found that bryophytes dominate where water availability is high, for example on inclined trunk surfaces (Billings & Drew 1938; Barkman 1958; Kenkel & Bradfield 1986; Bates 1992; Kuusinen 1994; Moe & Botnen 2000) . Clearly, crustose lichens are negatively affected by bryophyte overgrowth, while the influence of macrolichens is much weaker. The difference may be due to the fact that bryophytes, when present, are much more dominant than macrolichens; both macrolichens and bryophytes occurred at 36 % of the plots, but the mean cover of bryophytes was much higher than that of macrolichens (Table 2) .
Microclimate is found to be important for the epiphytic flora. Therefore, it would be useful to identify indicator variables that are known to be strongly related to microclimate but easier to measure. Trunk inclination at plot level appears useful as an indirect measure of exposure to rainwater, because these two variables are correlated. Furthermore, in this study we verified that south-facing plots have the highest evaporation rates.
For none of the study species a statistically significant relationship with height on the trunk is found. This may be because the highest frequency of occurrence is at an intermediate height; all study species tend to be most frequent at a height of 1.5 m (Fig. 4) . Vertical gradients in epiphyte species cover and composition that have been demonstrated in several previous studies (e.g. Hale 1952; Harris 1970; Bates 1992 ) may be the results of change in bark crevice depth and microclimate with height. In the trees we examined, bark crevices became deeper at lower levels (Table 6) , and this might explain the tendency for lower frequencies above a height of 2 m.
Oaks as habitat patches harbouring specialised lichen species
The red-listed lichen species surveyed in this study occurred mainly on trees > 200 years old. Hence, a large proportion of the trees in an oak pasture are unsuitable for these species because the trees are too young. Moreover, even if the age is sufficient for hosting these crustose lichens, habitat patch size may differ between trees due to variability of bark crevice depth on individual trees, which makes some parts of the trunk more suitable for lichen colonisation than others. Here we exemplify how this affects habitat patch size by estimating the area suitable for Calicium adspersum and Lecanographa amylacea on the 30 trees used for studying plot level occurrence. Calicium adspersum only occurred in sample plots where the bark crevice depth exceeded 20 mm, while Lecanographa amylacea only occurred in four plots on a single tree, at all of which the bark crevice depth exceeded 60 mm. All lichen species were more frequent when the bryophyte cover was low (Fig.  2) . Assuming that C. adspersum requires > 20 mm bark crevice depth and < 30 % bryophyte cover, all 30 trees examined at the plot level constituted suitable habitat patches. Among these trees, the proportion of suitable study plots varied between 45 % and 90 %. For L. amylacea, only 27 % of these trees were suitable given that > 60 mm bark crevices and < 30 % bryophyte cover are required. On the only trunk among the 30 that actually hosted the species, 40 % of the area was suitable, while for the other trees, 5 % -25 % was suitable. These findings show that the habitat patch size is not equal for all trees, nor is it only a simple function of trunk diameter, but it is dependent on the variability in habitat quality over the tree trunk.
Epiphytes have often been studied at the individual tree level. This seems to be a relevant scale for our study species, since we find strong relationships between their occurrence and several tree characteristics, but no significant differences in their frequencies of occurrence between sites (Table 1) . However, even if the assumption that each tree represents a habitat patch potentially harbouring a local epiphyte population is useful (Snäll et al. 2003) , our study shows that it is also useful to study variability at a finer scale, within habitat patches, as it contributes to explain species occurrence patterns at the tree level.
